Abstract: Fluorescence correlation spectroscopy (FCS) and two-color fluorescence cross-correlation spectroscopy (FCCS) are among the cutting-edge technologies for measuring molecule numbers at the single-molecule level in liquid phases. Yet, even after single molecule technologies caught up with theory, the techniques remained tools only for specialists able to navigate the formulas that give meaning to their observations. This original article aims at the derivations of relevant and useful quantification of molecule numbers for researchers with more diverse backgrounds who have begun probing questions previously unanswerable, except on the level of the molecule.
INTRODUCTION
Dual-color fluorescence cross-correlation spectroscopy (FCCS), also called two-color fluorescence cross-correlation in the literature [1] [2] [3] [4] [5] [6] [7] [8] , is an extension of standard fluorescence correlation spectroscopy (FCS) where instead of one, two colors are simultaneously excited by two excitation lasers at different wavelengths [9] [10] [11] . In FCCS the spontaneous fluorescence fluctuations, which are stochastic, of two differentially labeled and spectrally distinguishable molecules in a small illuminated volume element are measured and compared to each other, in contrast to an autocorrelation measurement where the fluorescence signal in time is compared with itself. Thus, we observe the fluorescence emitted from molecules labeled differentially with green and redemitting fluorescence dyes. If the green molecules (N g ) and the red molecules (N r ) are not interacting with each other, then each molecule species has its own autocorrelation function. Since the molecules move independently from each *Address correspondence to this author at Zeno Földes-Papp, Medical University of Graz, Department of Internal Medicine, A-8036 Graz, LKH, Austria; E-mail: Zeno.Foldes-Papp@meduni-graz.at other, there will be no specific cross-correlation signal. If, however, the green molecules are bound to or incorporated into the red molecules, then those pairs of molecules (N gr ) will move together and the correlated reactants will generate a two-color cross-correlation signal.
There are some general intrinsic problems and limitations associated with cross-correlation experiments. One of them results from cross-talk within the detection channels. Green light migrating to the red channel and red light migrating to the green channel result in a phenomenon called cross-talk (cross-emission), bleed-through or spilling-over. In addition, excitation of either dye by the non-corresponding laser lines can also create cross-talk (cross-excitation), although for energetic reasons cross-excitation of the blue dye by the red laser is negligible in most cases (Scheme 1). Cross-emission of the red dye into the green channel can often be completely suppressed by choosing appropriate emission filters that hardly compromise the signal strength in the green channel, since emission spectra are steep at the rising edge (Scheme 2). In contrast, cross-excitation of the red dye by the blue laser is unavoidable. Due to the broad emission spectra there are hardly any filters available that can completely block the green emission spill over into the red channel without incurring significant losses in the red channel signal.
The extent of cross-talk depends upon various experimental conditions that can be modified by the researcher. Additional considerations concern the brightness of small molecules and how well the molecules work under two-color excitation conditions. Yet another issue that has to be dealt with properly is the quantum yield differences between free and bound fluorescent molecules.
Modern diagnostic assays are extremely sensitive and generally capable of detecting a small number of specific molecules [6] . Since experiments may need to quantify molecule numbers below 10 in single phases such as solutions or membranes [7, 8] , the main focus of the original article is on practical applications of the quantitation at the 'single-molecule level'. The experimental conditions considered here enable us to provide universal procedures for quantifying the absolute numbers of two-color molecules in cases of two-color excitation. The basic mathematical background for correcting cross-talk and quenching in two-color fluorescence cross-correlation spectroscopy have been published previously [1] [2] [3] [4] [5] . For detailed discussion and experimental verification of the formulas, we refer to these papers, where we dealt with certain specific molecular biology experiments. Here, we summarize and extend the formulas to make them more generally applicable.
THEORY
The measured, normalized two-color (dual-color) fluorescence cross-correlation amplitude is given by
We consider cases where excess non-bound labels (e.g., free dyes) contribute to the correlation function due to crosstalk. Hence, the measured two-color cross-correlated curve is evaluated for a superposition of two correlation functions: (i) the cross-correlation term resulting from two-color molecules, and (ii) an 'autocorrelation' term showing a shorter 'diffusion time' and resulting from cross-talk by the free dyes and single-color molecules 
I. Correction in Cases without Substantial Quenching of the Two-Color Molecules

I.A. Single Labels Bound to or Incorporated into the TwoColor Molecule
Let us consider the measured absorption/emission scenario summarized in Table 1 . Here, we defined the absorption/emission parameters We expand Eqn.(1) by the factor
The way we look at Eqn. (2) 
For the total number of molecules we can write
Combining Eqns. (3) and (4) with the absorption/emission scenario of 
Multiplying numerator and denominator with
gives the final expression as found in ref. [1] for 
We have to emphasize that Eqn. Q are optically adjusted as given, for example, in Table 1 . N g and N r were measured by means of a two-component green and red autocorrelation, respectively, in single-color excitation mode.
In the extreme case 
where N gr is the number of cross-correlated molecules showing both labels and N g , N r are the numbers of molecules exhibiting no correlation in simultaneous two-color excitation.
In the ideal case where 
Thus the final formula for setting-up
For the specified condition n = m = 1 in the generalized Eqn. (12), we immediately obtain the formula/case of Eqn. (6). We theoretically described the system in a representation where the fluorescence detection efficiencies emission excitation Q λ λ at different excitation and emission wavelengths are coupled to the labels n and m [2] . It was experimentally shown in ref [2] that the amplitude 1/N increases in proportion to the number of incorporated green (n) and red (m) labels under the condition of a constant level of N g and N r over N gr as predicted by Eqn. (11) . We called this behavior of the two-color fluorescence cross-correlation amplitude the signal amplification.
Under the experimental conditions of the optical set-up Table 1 .
II. Correction in Cases with Substantial Quenching of the Two-Color Molecules
We now consider the absorption/emission scenario of Table 2 with quenching of the two-color molecules [4, 2] . We first introduce the parameters R that describe the relative quantum yield differences between bound (two-color molecules) and free labels (single-color molecules). R is defined as [2] ( ) ( )
Since the emission yield of a DNA-incorporated red nucleotide was the same as for the free non-incorporated red label, the relative emission yield becomes 
II.A. Single Labels Bound to or Incorporated into the TwoColor Molecules
Under most experimental conditions, the fluorescence intensities of the two-color species N gr are quenched by a factor R relative to the free labels [2] (see, for example, Table 2). When there is one green label and one red label bound to or incorporated into the two-color species, Eqn. (6) 
II.B. Multiple Labels n and m Bound to or Incorporated into the Two-Color Molecules
For the situation where n green labels are bound to or incorporated into the same target, Eqn. We exemplify the special case of high-density labeled DNA in which one nucleotide is completely substituted by its green-fluorescent analogue, with 85 = n and 1 = m [3] . Supposing that the heavily green-labeled molecule shows a dramatic effect of green fluorescence quenching of approximately 95% or more, one further useful procedure is to apply Eqn. (10) [3] . Instead of introducing the relative but uniform quantum yield difference R between bound (twocolor molecule) and free labels (single-color molecules), we worked with 
In the case R 
where N gr is the numerical equivalent of two-color molecules in the case of negligible interactions (quenching) between the internal incorporated dyes and their surroundings, we obtain for the experimental case Here N g is the number of free green dye molecules, i.e. green dye nucleotides, and N r is the number of free red dye molecules, i.e. red dye nucleotides [3] .
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Q could be independently determined by green-color autocorrelation in single-color excitation mode [3] . 
